Study of tortuosity coefficient of reservoir rocks, A by Zaman, Shamsuz






INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 10781521
Published by ProQuest LLC(2018). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
A thesis submitted to the faculty and the Board 
of Trustees of the Colorado School of Mines in partial 
fulfillment of the requirements for the degree of Master 









The author wishes to express his sincere appre­
ciation to
Prof. Clark F. Barb and Prof. Haroid A, Bohneberg for 
suggestion of this problem and guidance in both the 
theoretical and experimental parts of the subject, and 
for the time devoted to the supervision in drafting this 
thesis.
Mr* Fred L. Smith, of Colorado School of Mines Research 
Foundation Inc., for kindly allowing me to use the Bureau 
of Mines Porosity Instrument and the Planimeter.
Mr. David L. Davidson for various discussions on the 
measurement of relative permeability.
Core Laboratories Inc., Sterling, Colorado, for pre-
paring core samples for tj)K experiments.
/




INTRODUCTION ... ... 1
THEORETICAL CONSIDERATIONS ... 4
EXPERIMENTAL WORK ... ... 9
Preliminary Core Preparation ... 9
Determination of Porosity ... 10
Determination of Permeabilities ... 10
Determination of Capillary Pressures ... 13
EXPERIMENTAL DATA AND GRAPHS .... 17
DISCUSSION OF EXPERIMENTAL WORK ... 69
CONCLUSIONS ... ... 73
BIBLIOGRAPHY ... ... 74
INTRODUCTION
The coefficient of tortuosity may be defined as 
the ratio of measured relative-permeability to the rela- 
tive-permeabllity theoretically calculated from a capillary- 
pressure curve# The relative-permeability involved is 
relative liquid permeability only#
Although the concept of tortuosity Is not new, its 
importance in evaluation of reservoir performance has only 
recently been realized. The coefficient indicates a mea­
sure of deviation of the reservoir rock from ideal condi­
tions and largely depends on pore configuration, shape of 
sand grains, and impurities in the rock associated with it.
For evaluation purposes, an average liquid per­
meability of a reservoir is needed. To determine such an 
average on a statistical basis from field observations 
is out of the question because of time and cost involved.
A few relative-permeabllity curves and capillary pressure 
curves may easily be run from a given area to determine 
average coefficient of tortuosity so that relative-permeafeility
1
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curves may be calculated from capillary-pressure curves
' ' '
and these averages. Of course, the foregoing Implies 
that for accurate results the average value of the tortuo*- 
slty coefficient should be well within a tolerable devia­
tion from actual value.
It eventually may also be possible to find some 
correlation between the coefficient of tortuosity and some 
other property of the core. Gates and Lletz (1950) In 
determining relative-permeability of California cores by 
the method of capillary •‘Pressure curves observed that the 
coefficient of tortuosity decreases with increase in per­
centage of saturation of reservoir fluid. Other workers 
arrived at the same conclusion, but the nature of such 
variation is still in the (experimental stage and lacks 
a definite conclusion. These observations were kept in 
mind when this investigation was undertaken, the purpose 
of which may be briefly stated as follows?
1, To investigate the nature of variation of coefficient 
of tortuosity with different percentages of satura­
tion of liquid and to determine whether the varia­
tion follows some simple relationship,
2, To determine, by manning samples of one particular 
reservoir formation, the range of variation of such 
a coefficient.
3
3* To investigate whether the coefficient of tortuosity 




From a purely theoretical standpoint, a core
may be Imagined as consisting of a bundle of capillaries*
If all capillaries are of equal lengths and diameters, 
the relative-permeability will be a linear function of 
the saturation* But the pore spaces of natural rook, 
however, usually vary widely in shape and size* Also, 
because of the liquid surface tension, the liquid will 
be removed from the largest pores first. When the liquid 
saturation has been reduced to,say 60$, the remaining 
liquid will be contained in the relatively small interscti- 
ces* Consequently, the permeability to liquid will be con­
siderably less than 60% of the permeability when completely 
saturated.
(1949) developed a formula relating the permeability to 
the capillary. For 100$ saturation he found:
For the study of bundles of capillaries, Purcell
5
where s
K « Permeability in millidareys
^  = Surface tension of liquid, in dynes per cm.
® 2= Angle of wetting of liquid
f = Percent Porosity
P  » Percent of total pore space occupied by liquid
ts Capillary pressure in atmospheres
1 The above formula was developed in order to eal* 
culate permeabilities at partial saturations. The formula 
for reduced saturation is the same, except that it is 
integrated from zero saturation to saturation •
Using equations a and Gates and Lietz arrived 
at an expression for relative-permeability to liquid in a 
bundle of capillaries at saturation as follows?
L
v  cy
The equation £ involves the following assumptions?
1. The angle of wetting is equal in all capillaries
2. The surface tensions are equal in all capillaries
For a bundle of capillaries of several sizes, it
Thus * 0* cos e)2~f r p -p, d j  ...... <,b)
(2.026 Klo3) ' J p - O
6
is apparent that with the ’help of equation & °ne can 
calculate the relative permeability curve* The values 
of the integrals are obtained by plotting the reciprocal 
of the square of the capillary pressure against the liquid 
saturation, and planimetering the area under this curve#
In measuring the relative-permeability by the 
capillary-pressure method as above# one of the major 
assumptions is that the flow pattern of the liquid remains 
the same, regardless of the liquid saturation in the core* 
In other words# as the liquid is removed from the core# it 
Is assumed that the shape of the flow pattern through the 
core remains the same# The validity of the above assump­
tion was experimentally confirmed by J# I. Gates (1950)#
He concluded that the flow pattern does stay essentially 
the same throughout the range of saturation at which we 
determine the relative permeabilities#
It has been found that the relative-permeability 
curve obtained by the capillary-pressure method# based 
on the hypothesis mentioned above# always has higher 
values than the relative-permeability curve of the core 
obtained by direct measurement by any one of the methods 
described in literature* The reason is obvious# The 
natural core does not satisfy the Ideal condition of 
pore shape and size distribution. To make the two curves 
close enough for all practical purposes# various authors
7
have modified the calculations to suit the purpose.
In one case (Patt and Dykstra 1951) it has been asser­
ted that for calculating relative permeability j V(p0)* 
(where x is any power charateristic of one formation), 
function vs. saturation should be taken into considera­
tion instead of simply thejl/(PQ )̂  function vs. satura­
tion. In another case,(Hapoport and Leas 1951) based 
on the different characteristic pattern of distribution 
of liquid in the pore space of the rock as the saturation 
is decreased, and Leverett’s J function (Leverett 1941), 
minimum and maximum relative permeability curves have 
been obtained by calculation from the same capillary 
pressure data. Therefore, according to the above theory, 
the relative permeability curve of all natural cores 
obtained by direct measurement should fall within the two 
limits(maximum and minimum).
The problem would have been more easily solved 
if the nature and the characteristic of the deviation of 
reservoir from the ideal condition are known. Hence the 
importance of the concept of tortuosity. In fact, consi­
derable work in this line is going on. A number of 
authors have defined the concept of tortuosity and arrived 
at an expression for it differently(Rose, 1949; Rose and 
Bruce, 1949; Gates and Lietz, 1950; Burdlne, Goumey and 
Reichertz, 1950); nevertheless the essential idea is the
8
eaoae*
It may be emphasized that attempts to correlate 
tortuosity with various parameters are far from satis­
factory and further investigation is necessary.
EXPERIMENTAL WORK
For the present investigation, 10 cores were
taken. All of these cores were obtained from the Lance
*Creek Field in Wyoming.
The experimental part of the work may be divided 
into the following steps*
1. Preliminary core preparation
2. Determination of porosity
3. Determination of permeabilities to liquid
4. Determination of capillary pressure curves
1. Prllimlnary core preparation
The samples were cut into small cylindrical plugs 
approximately 2 centimeters in diameter and 2 centimeters 
in length. They were cut in su/ch a manner that the flow 
would take place parallel to the bedding plane.
Each plug was marked by India ink for convenience 
in identification. The plugs were then put in a Soxhelet- 
type apparatus and the residual oil was extracted with 
carbontetrachloride for a period of atleast 24 hours.
9
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After being removed from the extractor, the core© were 
dried in an oven for 2 to 3 days. After drying, the dry 
weight of each of the cores was noted. The dry core was 
always kept in a desiccator filled with calcium chloride 
to prevent moisture contamination.
2. Determination of porosity
For determining porosity two quantititles need 
be known? (1) Bulk volume and (2) Pore volume. The 
following method was adopted:
(a) Each core was weighed dry and the reading noted
(b) Each core was then saturated with kerosene. Satu­
ration was accomplished by evacuating the core to a 
pressure of 1 centimeter of mercury and allowing kerosene 
to flow into the core. The saturated core was then 
wiped rapidly to remove excess kerosene, then placed
in a weighing bottle equipped with a ground glass stopper. 
The weight of each core saturated (100$) with kerosene 
was calculated and noted.
(o) The weight of each saturated core immersed in kerosene 
was noted. The density of kerosene used was carefully 
determined subsequently with the help of a pyknometer.
3. Determination of permeability
Permeabilities of cores saturated (100$) with 
kerosene were determined with the help of a Ruska
11
Universal Permeameter. A complete description of the 
apparatus together with details of operations, has been 
described in the pamphlet accompanying the instrument. All 
permeability measurements were mad© at the pressure differ* 
enc© of 0.55 atmosphere.
An accurate measurement of permeability at satura­
tion below 100$ is a problem. For the calculation of rela­
tive liquid permeability(permeability at any saturation/per­
meability at 100$ saturation), suoh permeability at partial 
saturation has to be determined. Various methods are des­
cribed in literature for determining permeability at partial 
saturations(Gates and Lletz 1950; Fatt and Dykstra 1951; 
Morse, Terwilllger and Yuster 1947; Hassler 1939; Purcell 
19419). Each one of them has some special advantages, but 
non© of them are completely satisfactory as fa» as accuracy 
and reproducibility are concerned. For the present purpose 
the principle of Hasslerfs apparatus for determining relative 
permeability by the method of Gas Drive was more or less 
adopted. The method has the advantage of simplicity, ease 
of operation, and lower time consumption. A diagrammatic 
sketch of the apparatus used is shown on page 14- • Briefly, 
the procedures for measurement are as follows;
1. The core saturated with kerosene is tightly fitted in 
a plastic tubing so that there is no leakage or bypass. 
It was then weighed in a ground-glass-stoppered weighing
12
bottle.
2. The core Is put into the apparatus as shown in the 
diagram. The upper side of the core has a fixed 
pressure and the bottom face is open to atmosphere.
Except for the bottom face, all other sides of 
the core plug have the same pressure as above. The 
bottom face is very tightly pressed on an W0W seal 
ring(with the help of a spring as shown in the dia­
gram). Care was taken that there was no leakage at 
all around that part. Because of the strong plastic 
tubing around the core, the pressure from the side 
cannot penetrate into the core. The air, under 
pressure from the top, has to pass through the core 
before it can go out to the atmosphere.
3. After the core had been put into the apparatus, air
at a definite pressure was let in by adjustment of 
two valves as shown in the diagram. The air was 
allowed to pass for some time so that the core became 
desaturated.
/ 4# It was then taken out of the apparatus and quickly
and carefully weighed in a balance, and the satura­
tion was determined.
5* The core after weighing was then put back into the
apparatus, and air at a definite pressure was let in
for a definite number of secondsfgenerally 5 seconds).
At the end of 5 seconds the pressure was stopped and * 
the core was similarly weighed as above# The difference 
in weight Just before 5 seconds and just after 5 seconds 
gives the weight of kerosene removed. The density of 
kerosene and the time being known*the volume rate of 
flow was calculated. Assuming that there is no appre­
ciable change in saturation after the gas drive(for 5 
seconds), the permeability at corresponding saturation 
was determined. The ratio of this permeability and the 
permeability at 100$ saturation is then the relative 
permeability at the saturation concerned.
The above procedure was repeated for different-'per* 
centages of saturation? a number of values were observed 
and then plotted; and a curve(relative permeability) 
was drawn.
3* J}eterailpaj,loâ  of Capillary Iressur^
The apparatus used for the purpose has been shown 
in a diagrammatic sketch (Fig. 1 )* The most important 
part of the appratus is the semipermeable porous porcelain
disc obtained from Adolph Coors Company in Golden, Colorado.
#It was carefully cemented with Johnson's cement. The pur­
pose of the porous dlso is to let kerosene pass thru?the pores of 
the disc(under pressure) and not any air. According to 
specifications, the porous disc is capable of resisting the
# Johnson's cement was used to join the porcelain disc T to 
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flow of air upto pressures of 20 pounds per square inch*
The cores were put on the porous dlsc(ln batches 
of 5 at a time).. To ensure good contact, a thin tissue 
paper was put between the cores and the disc. The porous 
disc was kept saturated with kerosene throughout experi­
ment.
With the help of two pressure regulators, air pressure 
was regulated very accurately to any desired value. The 
apparatus was also connected to a manometer to record the 
pressure in centimeter of mercury. Starting from a pressure 
of 1 centimeter of mercury the pressure was increased in 
steps as shown in Table 2, upto 15 pounds per square inch.
For each pressure(which is the capillary pressure in this 
case) saturation of each of the cores was determined by 
weighing in a balance. Care was taken to allow sufficient 
time for each corresponding pressure, so that the saturation 
in the core could attain an equilibrium condition. It has 
been found that the time required varies from 24 to 36 hours 
or even more in some cases. To ascertain that the saturation 
at any corresponding pressure has reached equilibrium, the 
following procedures were observed*
For any fixed pressure the cores were kept for 24 
hours initially. At the end of 24 hours they were weighed 
and percentage of saturation was determined. Again the 
same cores were subjected’to the same pressure for another
16
12 hours, and their saturation was determined at the end 
of above period. If the percentage of saturation did not 
change from the initial value, it was assumed that the satu* 
ration had reached an equilibrium condition. If the percen­
tage changed, procedure was repeated until saturation was 
ascertained to be constant.
EXPERIMENTAL DATA AND GRAPHS
TABLE 1 —  CORE DATA
Cor© No. Average Average Porosity Kerosene
Diameter Length Permeability
(cm) (cm) (%) (md)
1 1.97 1.88 16.6 24.2
2 1.89 2.02 22.1 10.1
3 1.90 2.02 6 .2 16.7
4 1.89 2.01 17.8 15.8
5 1.90 2.03 18.4 8.5
6 1.91 1.98 13.4 23.9
7 1.88 oo.CM 23.5 22.2
8 1.88 1.97 15.9 21.3
9 1.88 1.99 11.3 12,2
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0 O 0 O 0 0 0 0 O O O O 0 0
in 00 C“- 0 00 vo ON t*-. VO UN0\ O c*- KN 0 KN m VO 00 CVJ rH C'- • •
O rH rH OJ KN KN KN KN KN -st UN 00 * •
• • • #• • • * • • • • • • •
O O O O O O 0 O O O O O
O 00 VO vo KN in in KN in t"— O
O - t ON rH OJ KN UN c- O •st rH 00 • •
H rH rH OJ OJ 01 CVJ OJ KN KN - t UN • •
• * • • • • • * • • • * • •
O O O O O 0 0 0 O 0 O O
O in ON 0 vo 0 00 00 00
OJ CO < t On OJ in IH rH rH in -St • • ♦
rH ■#H CM OJ KN KN KN -st in vo O n • • ♦
• • ♦ • • • • • • * • • • *
O O 0 O O 0 O O 0 0 O
rH t - O ON •f in KN rH On 00 -3* o\
00 KN 00 H OJ -t m 00 KN ON t - 0N 00 •
O rH rH OJ CVJ CVJ CVJ CVJ KN KN - t UN I*- •• • • • • • • • • • • • • •
O O O O O 0 0 O O O O O 0
kn O •st rH 0- K- 00 ON UN 00 VO t~0 vo CVJ in vo 0- 00 O KN ON 00 O • •
rH H OJ OJ CVJ OJ OJ KN KN KN -st vo « *
• • * • • • * • • • • • • •
O O 0 0 0 O 0 O O O O 0
in Ch ON KN ON £— CM OJ ON O VO
KN vo rH vo ON OJ in 00 OJ UN in • • •
rH rH CVJ OJ OJ KN KN KN •st UN 00 • • •
• • • • • • • • • • • • * •
O O 0 O O O 0 a O O 0
co O n •st O ON rH 0 •St UN vo t— 0
ON rH ON rH KN •st In ON UN UN ON 9 •






















© *0  
p  ©
3  © 
to p  ©© © p p
Pt ©
P© © +5rH fj rH «H •H O
P* P i  
aJ





o t n o t n o i n o i n o i n o m o i n  






































VO VO VO vo 00 o •d* co vo vo t-**o OJ KN 4 in t— CO Ox rH KN ON • •o o o o O o o o O rH H rH Ol * ©
ri • • - • • • • • • • • • • • •o o o o o o o o o O o o
OJ CO p OJ o vo 4 00 UN P t*- t-r i KN h- Q KN in CO o rm ts ON o * •o O o r i ri rH rH OJ OJ OJ KN t- • •
Q\ * • * • • • • • • ft • • • •o o o O o O o o o o O o
CO SiVO t- t- GO On o OJ ON oo ON 4 oo rH oo H OJ KN 4 vo fcr 00 pH KN 00 K\o O o o O o o o o o ri rH ri KN
CO • • • ft • • • • • • • • • •o o o O O o o o o 'O O O O O
Q> OJ OJ VO o OJ vo H o vo KNO ri KN in ON ri OJ KN UN 00 vo VO • •o o o o o H rH rH ri rH OJ t- • ©• ft ft • • • • • • • • • •o o o o o o o O o o o O
^  '
CV1 '"•‘ifcn'inti-© o OJ CO £“*» Ox in 4 VO OJ 00 4 VO
ri OJ KN 4 -3* UN & rH t- KN • *© O o o o o o o o o rH ri KN • © _x: vo • • • • • •., ft. • • • • • • •
p - o o o o o o o o o O o OCOoS3
5RP in ri t— 00 OJ OJ 00 oo KN 00ed ri kn 00 o OJ vo vo KN ON • 9 •O o O o rH ri H rH OJ <1* oo • • •in • • • • • • • • • • • * ft ©CQ O o O o o o o o o O o© ) >'■P inV : ro VOo VO Ox OJ 4 OJ ON UN O o 00 ON OJ riO H KN 4 in UN 00 rH UN CVI UN OJ •
u o O O o o O O o rH rH CM KN vo •o • • . • • • • • - * • • • • • ©o o O o o o o o o o o O OCM ©
to kno VO rH KN OJ KN UN OJ 00 vo CO
ri OJ in vo ■t*- fcr 00 rH m KN vo • ©O o o o o b O O rH rH OJ KN • •kn • • • .ft • • * * • • • • • •O o d o o o ° o o O O O
CO CO CO * On ON t- *51* "vo KN OJ •H OJ HE VO CO o OJ 00 O KN • • •O o o O o rH ri rH rH KN fc'- • • ©01 ■ * ft * * ♦ • » • • • • • • ©o o o o o o O O o O o
VO OJ 5<stSl
0 \ *«t r i vo CO KN CO fcr VO oo VOO H OJ CM •5* in UN vo 00 OJ o K - ' • ©O o o o o o O o <d rH OJ 4 • ©
ri • • • • • * • • ft. • • • * ©O o o o o o o o On s> o O
































































CO O 4  Is* 4  co O 4  ^  cO hOJ O O ON KN KN 00 OJ vo KN VO KN
VO ON OO rH IS- -ifr rH O  CO
U N K N O J O J H H H H
Hi
IS in KN
in  OJ O  O  H  4  W vo OJ OJ KN
VO KN OJ oo i s  4  4  CO (\l in  UN 4
Ol vo ON t -  VO Lft <J- -4 KN OJ H
CO OJ H
in s- is  oj
H On ON vo KN s- VO vo KN H  • • • • • • • • • •  •
i n H V O V O O V O - ^ O J H O O O
•4  oo k n o j c j h H h h h  
H
Q in 4  KN 
00 OJ in O
s  i n  KN
on i n  Ol OJ H  OJ 4  CO OJ vo Ho s - m c o H O a N v o v o i n t s - K N
• • r 0 • • • • • • • •
H H H tS H  O N t'- tS - 'O  lA KN H
rH ON KN rH rH
H
UN KN KN Ol KN H  CO UN VO CO
O S O - i J - K N H i n w C O ^ f ' - O  • • • • • « • • • • • •
o  i n vo h  o  co i n  kn o  oo i n  w
0 4 0 J ( \ I ( N J H H H H
O V O 0 0 O U T N K N H H  
LA 4  UN OJ H  H  O N t “— K N H• • » • • • • * • •
ON 00 VO H  ON CO S  UN KN Ol H
VO OJ H  H
KN KN S  4  H00 voOJ KN O  CO O  .................S  OJ ©  VO H  CO 4  i n  H  KN KN
» * * • • • * • • ! • » *
OJ KN O  OJ On vo UN OJ On NO 4  OJ H
I f t l f t K N O J H H H H
H
in 1 00 KN OJ IS* 4  KN 4  (VI
OJ H  /N  00 On O  O  lA  ON KN OJ C*-
• • « • • • • • • * •
t — ON On UN KN KN cm O  CO VO -4" OJ
On K N H H H H H H
oj kn i n s  i n o  o  vo •
o o c o  i n  OJ KNOCO UN KN KN •
UN vo O  4 H  ON CO VO UN KN H
UN KN Ol H  H
OJ OJ UN O 4  H O
H 4  4  KN 00 CO KN UN UN ON ©  H
S O 00 00 O ©  S  UN r i t*— 4  OlS - - 4 K N O J H H H HH
o  i n o  i nO  ON ON GO 
H
i n o t n o i n o i n o i n


















































oo o o ri 00 k- ri in • « •
KN ON -3" rH 00 VO in K N • • •• « • • • • • • • • •
KN r-i H ri o o o o
ON VO OJ ON o KN in 2> • •in CO in KN K N OJ ri o •
• • • • • • • « • • •rH o O o o o O o o
in O n H OJ in H o o in •
OJ vo O in KN O 00 vo in m •• • • • « • • • • • • •
-3- OJ OJ r-i rH ri o o o o
in O «■ vo in in VO in o •H O n K*~ in KN OJ ri ri •• • • • • • • ♦ * •
KN rH ri o o o o o o o
KN 00 in vo co £ o KN o in OnO o VO KN o vo KN rH O• • • • • • • • • • •
KN OJ rH rH ri o o O o o O




•O »o •o •O •o ♦o •o • t
ft O  00 04 VO K> O) fO 4  'Or-t in 04 on t- in kn or h  o • • • • • * • • • • •m o j H i H O O o o o o o
00 VO 00 ON 00 in OJ KN vo
ri ON K- in Hf OJ OJ rH o• * • • • • • • •
ri o O o o o o O o
i n c o i H v o v o v p o o v o o i nC O W O \ V 0 4 ^ W H H O  
• • • • • • • •  • •
H r H O O O O O O O O
^  o oi in o m  h kn vo oj in 
O O C O O - 4 - H O O V 0 4 0 J  H  O  
•  • • • • • • * •  • •
K N O I O J H H O O O O O O























*P ©© • •H
09 ©
rH ©P ©
Q CO £o P ©
*O © ©XI X3
a p Pop £ «£O
©£ *0© $




co ©© © £
© COa •H
£ >
CQ o •H© «H 'd© P £
£ cti •H© £
£ XIri P o


























































© V i.CO W
O  K> <4* VO H  'O rl tvO V O r i C V i V O O N i A O  O  in m  CM H  H  H• • • • • • » •H O O O O O O O
o o j  - t  i n  o n  i n  4  t -  0 4 0 H 4 C 0 4 C h l P  O l A < | C \ M H H O O  
• • • • * • •  • •H O O O O O O O O
o - J t K v o o o o m o o o o o o c v j  o  n  t -  ir\ h  m oo i p  h  oo
O vo 4  IP IP Ol rH rH rH O
• • • « • » • • • •  
rH 0 - 0 0 0 0 0 0 0 0
O  4  N  H  H  r o r H I P 00 (VI8  0 I P 4 0 0 4 H D 0 4 I P  vo r o  CM r H  r H  r H  O  O  O
• • • • • • • • • *H O O O O O O O O O
O h 4 0 v V 0 h © 0 J 0 v  oco-^^tnt^-ON'Sj'QN in 4  (p W  H  H  oO  vo o o
H O O O O O O O O O  o
o  in (vi h  h  m  4  vp hO W C O 0 0 ( O H 4 O i n  O  vo 4  IP W  (\l H  H  O• « • • • • • • •H O O O O  O O O O
0 4 ^ m H v o o o m o N  O O v 4 4 C v- O i n H V 0 4 H  o i n < r \ c M c v t - H H O O O  
•  • • • • • • * • • «H 0 0 0 0 0  0 0 0 . 0 0
o i n 4 4 0 W N i n o m i no w c o o \ c v i 4 0 \ o o \ i n wO v o ^ - r ^ f O C V l H H O O O  
•  •  * • • » • • • • •H O O O O O O O O O O
O W W V O C O o v l P t - 4 t -o ov a  in 4 ov in © in w • o v o ^ t ^ o j h h o o o  • 
•  • • •  • • • • » • •H O O O O O O O O O
O  Ov vo 00 VO in Q\ C\J co H  K\o  (vi cvj t*“ co h  i n H v o t n Ho t - i n m c M C M H H O O O  ..........H O O O O O O O O O O
o  in o  in a  o% o\ ooH






































TABLE 8 —  EXPERIMENTAL DATA FOR RELATIVE PERMEABILITY 
(MEASURED) CORES 1 - 1 0
Saturation Rel. Permeability Saturation Rel*Permeablllty 
(%) (Fraction) (%) (Fraction)
CORE 1 i 
94.A 0.589 87.8
0.303
0.23591.3 0.507 83.6 0.124
8 6 .2' 0 .299 76.4 0,041









CORE 2: 92.3 0.431
97.6' 0.719 90.7 0.365
94.3 0.598 78.5 0.198
91.8 0.378 78.0 0.154
85.8 0.257 73.4 0.034
80.8 0.072 CORE 7i
74.9 0.028 93.3 0.438
CORE 3! 93.0 0.334
95.9' 0.551 88.8 0.233
93.6 - 0.504 87.9 0.172
91.3 0.398 79.5 0.072
85.3 0.312 75.4 0.037
83.2 0.213 CORE 8 t
75.7 0.133 95.5 0.500
70.6 0.052 91.6 0.399
CORE 4 1 91.389.7
0.348
0.268
95.4 . 0.475 81.1 0.156
90.3 0.331 79.0 0.09984.8 0.205 76.4 0.062
80.5 0.146 CORE 91
77.3 0.082 97.5 0.48374.2 0.055 91.6 0.295
CORE 5* 91.3 0.216
94.6 0.498 85.8 0.141
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DISCUSSION OF EXPERIMENTAL WORK
For the determination of absolute porosity of reser­
voir rocks* the method adopted in this investigation might 
not be suitable because it does not take into account pin­
point porosities or pore space completely surrounded by rock 
which cannot be reached by the liquid. However,for practical 
purposes those porosities are not Important. Porosities of 
three of the cores were checked by the Bureau of Mines method, 
which was found to agree within a tolerance which is 
sufficiently accurate.
It may be mentioned here that one of the difficulties 
encountered in determining the kerosene permeability of a 
core by the Huska Universal Permeameter is that it is almost 
impossible to reproduce the permeability within a tolerable 
error for impure sand cores. It has been observed that with 
time the permeability falls rapidly. This phenomenon may / 
be ascribed to filtering action occuring in the core during 
the period of observation. Moreover it was observed that 
when the direction of the core plug was reversed, the per­
meability increased up to a certain limit, at which it again
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decreased the same way as before. For pure sandstone 
such effect was much less observable* In the present Inves­
tigation the maximum permeability value of each core was 
taken as the final value*
Although the gas drive method of determining rela* 
tive permeability has the advantage of ease of operation 
and lower time consumption, nevertheless to get fairly accu­
rate result, great deal of care;must be exercised by the 
experimenter. Evaporation loss due to handling in measure­
ment of weight is one of the chief sources of error which 
cannot be eliminated but which could be minimized by the ' 
experimenter* Other less important sources of errors are 
pressure leakage through the apparatus, flactuation of 
pressure during the experiment, and inaccuracy in measure­
ment of weight* With proper precautions the results can be 
reproduced within 15$#
The capillary instrument used in the experiment was 
a simple and rugged apparatus. However,to get good results 
it was found neocessary to observe the following
1. Care should be taken so that the instrument is 
completely leak proof* A slight leakage for 36 hours 
or more can affect by increasing the evaporation loss 
a great deal.
2. Precautions should be taken against flactuation of 






Such fluctuation was avoided by putting two regu­
lators on the line*
3 * Care should be taken to keep the porous plate satu­
rated at all times and to ensure a good contact between
the core surface and surface of the porous plate. A
X) thin tissue paper was placed for the latter purpose.
It has been observed that with this instrument the 
capillary pressure curve can be reproduced within approxi­
mately 10$
It may be seen from Graphs 31^40 that in the range 
75 to 100$ saturation although the plotted points do not 
fall exactly on a straight line but for all practical pur­
poses between this range the curve may be considered as 
straight line. In the Table 12, percentage of deviation 
has been shown. The maximum deviation of observed values 
from the values of the mean curve drawn was found to be 
12.8$. Except for a few, most points are between the range
0.00$ to 6$. The deviation below 75$ (not given here) has
been found to be as high as 90$. Below 75$ saturation the
instrument used is probably not sensitive enough to record 
accurately relative permeability ( and hence tortuosity 
coefficient).
That the above tortuosity coefficient does not follow 
a straight line relationship with percentage of saturation 
below 75 is emphasized by the following facts observed in 
the experimental work.
12
The residual saturation as obtained from the capi­
llary curve (see Graphs 1-10) does not agree with the resi­
dual saturation observed by extrapolating the tortuosity 
coefficient curve to zero. In the latter case it is much 
higher.
The range of variation of tortuosity coefficient for 
all ten cores investigated has been found. For 15% kerosene 
saturation the coefficient varies from 0.053 to 0.536* Such 
variation is considered too wide and probably does not have 
any importance.
An attempt was made to correlate tortuosity with 




After careful study of the experimental results, the 
following conclusions were reached?
1. The curve for tortuosity coefficient vs* kerosene satu­
ration does not seem to indicate any strict relationship 
throughout, but the trend of the curve in the range 75 to 
100$ saturation approaches a straight line. Within the 
above range it may be assumed a straight line for all 
practical purposes. The maximum percentage of deviation 
within this region was found to *be 1 2.8$.
2. The range of variation of tortuosity coefficient for all 
ten cores (from same field and formation) has been 
found to be of a large magnitude. For 75$ saturation 
such coefficient varies from 0.053 to 0.536
3 . An attempt was made to correlate tortuosity coefficient 
with porosity and/or permeability, but no such correla­
tion could be determined.
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